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2As a result of secondary interactions, the reconstructed
invariant mass of a given pair of  daughter kaons falls
out from the original  meson peak into the region iden-
tied as a combinatorical background. Therefore, the
 mesons decaying in medium, can be partially unrec-





gether with negligible nal state interaction of secondary





haviour results in the relative suppression of  meson
yield observed via hadronic KK channel. Such mecha-
nism has been quantitatively studied in Ref. [27] where
suppression at the level 40{60% has been obtained from
simulation using RQMD code.
In this paper we discuss eects which may enhance
the suppression of observed  mesons identied via kaon
channel. Possible increase of a  meson width in medium
will enlarge the probability of  decay inside a reball
enhancing thus consequences of mechanism studied in
Ref. [27]. Alternatively, we consider a possibility that
the kaon decay channel of a  meson becomes kinemat-
ically quenched in the medium. Additionally we argue




meson in hadronic environment caused by the
isospin asymmetry and/or by the large baryonic admix-
ture, would also prevent the reconstruction of  mesons
decaying into kaon pairs inside the medium.
III. DISTRIBUTION OF  DECAY PRODUCTS
Let us denote the phase-space distribution of  mesons
in the center-of-mass system of two colliding nuclei at
freeze-out as f

(~x; ~p). Then the primary momentum dis-
















; ~p ) ; (1)
where integration goes over the reball volume within a




contracted with a  meson momentum p

) [23]. Here we







> 0, which is relevant for applications below (for
discussions of alternative cases cf. [24]). In the absence
of any in-medium modications of decay products and



































are the  partial decay widths in kaon and muon de-
cay channels. Accordingly, in the experimental analysis,
 meson distribution is reconstructed from momentum
distribution of decay products multiplied by the corre-
sponding inverse branching ratio.
In this section we derive expressions for the apparent
momentum distributions of  mesons reconstructed via
kaon and dimuon decay channels taking into account pos-
sible modications of meson properties in medium and
consequences of kaon rescattering.
Let us consider meson suered the last interaction at
position ~x

inside the hadronic reball. The probability,





























is total width of a moving me-









. Asterisk * denotes
in-medium values of the quantities.














(t) into two kaons. In-medium
values of widths  

are determined by the current local
temperature and density of the system. Daughter kaons





























are in-medium spectra of kaons and anti-kaons. In the
center-of-mass system of two colliding nuclei (CMS) the





























. The unit vector ~n
K
is uni-
formly distributed in the  rest frame, direction of ~n

is
determined by  meson momentum ~p

in CMS.
For a successful identication of  mesons in invari-




pairs it is es-
sential that momenta of daughter kaons do not change
while leaving the hadronic reball. Here we investigate
two mechanisms which may change momenta of daughter
kaons: rescattering in surrounding hadronic environment
and change of momentum due to in-medium K meson
potential.
Probability that secondary kaon and anti-kaon leave a





, the time which kaons need to reach





























































Thus, the probability to register  meson in the kaon














are probabilities to identify a  meson
from rescattered (P
I
) and non-rescattered (P
II
) kaons.
Single rescattering of one of the kaons changes momen-










3being a average thermal momentum of pions. Corre-







. At high temperatures (T  m

) average thermal
momentum of pions is p
T
 400 MeV and hence a sin-




  far from the  meson
mass. In this case we put P
I
= 0.
Neglecting in-medium eects, one takes P
II
= 1, as-
suming that without a hard rescattering all kaon pairs
from  decays can be identied. However the modi-
cation of particle properties can provide another mecha-
nism preventing  identication. In mediumkaons feel an













. Leaving the reball, kaons
have to come back to their vacuum mass shell. This
changes the invariant mass and momentum of the pair.
Going out of medium, kaon stays on the same energy




























is evaluated at the moment of  decay.



















































In the nucleon free, isospin symmetrical meson gas,






































































ish for small p

. Moreover in the isospin symmetrical case






). Hence, the release of kaons from a small po-
tential well formed inside a reball does not aect the
momentum and invariant mass of a pair strongly enough




In the case of rather strong isospin asymmetry and/or





have quite dierent spectra in medium [28]. This may
lead to a wide spread of the kaon pair invariant masses,
making the reconstruction of  mesons decaying inside
reball impossible (P
II
! 0). Note, that in this case our
results are insensitive to the details of kaon propagation
in medium. They depend only on the total  meson
width via function D

(t).
Finally the probability that a  meson created at po-
sition x
















































is the time of ight of a  meson through the

















]). Momentumdistribution of the
kaon pairs from  decays is then obtained by averaging
expression (6) over all ~n
K
directions in the  meson rest
frame, and integrating over the reball volume with a
primary  distribution - see Eq.(1). Then, multiplying
by the inverse branching ratio we express "reconstructed"





































































Note that according to this denition 
0
(p) = h1i.
Consideration of the di-muon pair momentum distri-
bution is more straightforward. With a change of total






changes too. Therefore, the apparent 






















































In our numerical estimates we will consider ratio of the
reconstructed  meson distributions Eq.(7,8) which does






For a direct comparison with experimental results on
m
T
distributions of identied  mesons, one has to inte-
grate over the rapidity interval accessible to the experi-

























We also dene ratio of the apparent and primary  mo-
























IV.  DECAYS IN MEDIUM
Main hadronic decay channels of meson are ! K

K
and ! . Let us now consider the change of a  decay
4width in a hot meson gas due to the modication of kaon,
pion and -meson properties. In-medium properties of












. Similar behaviour is
expected for kaons.
Spectral function of  meson in medium was exten-
sively investigated in the context of di-lepton production
in heavy-ion collisions at SPS energies [29, 30, 31, 32].
In baryonic matter, coupling of  mesons to resonance{
nucleon-hole modes [29] together with the modication
of pions [30] play dominant role. The  meson becomes
very broad in medium and its spectral density strength is
driven eectively to lower energies in analogy to Brown-
Rho-scaling picture [31]. In purely mesonic systems the
 mass is found to be almost independent of the temper-
ature due to cancellation of  - and  a
1
-loop contri-
butions [32]. The  width, on the other hand, is expected
to increase in meson gas considerably e.g. by 80 MeV at
T = 150 MeV and by 160 MeV at T = 180 MeV [33].
The partial width of the  ! K

K decay in medium







































) is a kaon momentum in the rest


























)=2 = 495:6 MeV. Then













1:84 MeV. Note that for Æm
K




decreases fast and vanishes for Æm
K
 14 MeV.
The second hadronic decay channel  !  is eected
by the decrease of the  meson mass, increase of the 
meson width and the Bose-Einstein enhancement factor













































































are in-medium  meson mass and







= 150 MeV, and  
0

= 0:75 MeV. We use the con-
stant width approximation for the  meson spectral den-
















Bose-Einstein distribution of pions with temperature T
is n

(!). In the zero-width limit we obviously have

































































The shift of a pion mass produces a minor eect and it
is, therefore, neglected here. Finally, the total width of









. Here and below we do
not consider the  meson mass shift, which is small and
cancels as soon as we consider the ratio of the momentum
spectra, cf. Eq.(9,10).
For completeness we remark that the di-lepton de-




also suers a modication in
medium, because the vector-meson{photon coupling is
suppressed by meson uctuations [34, 35]. For the
   coupling the suppression factor is determined only
by kaon uctuations 





































= 93 MeV is the pion decay
constant. Because of the large kaon mass this correction






Finally we, specify, how the in-medium properties of
kaons and  mesons relax to their vacuum values during




































Before nishing this section we would like to point out
that the estimations done here are valid only for an al-
most baryon free reball. In the presence of baryons the
calculation of a phi self-energy becomes more elaborated,
cf. Ref. [7]. However, in this case the spectra of kaons
and anti-kaons dier dramatically, inhibiting thereby the
 reconstruction even more. It corresponds to the case
P
II
= 0 when the reconstructed  distributions (7,8) are
the functions of a total width only. To simulate eectively
the in-medium modication of  

tot
we will use eq. (11)
and vary the kaon mass.
V. SPACE-TIME EVOLUTION OF THE
FIREBALL
After the considerations above let us now specify the
model of the reball expansion, which we will use in our
numerical calculations. Assume a simple homogeneous
spherical reball with the constant density and temper-
ature proles. The  meson momentum distribution
f















is determined by the temperature T
0
, ow velocity pro-






. Time of ight of
a  meson and its daughter kaons through the medium


























(~v; ~x) stands for a time, during which a particle with
velocity ~v passes a distance from position ~x to the bor-
der of a sphere with the radius R. Since the reball is
5expanding with radial velocity v
f
, this time satises the









(~v; ~x ) =

r





























Solution (15) is valid for j~xj < R and j~vj > v
f
. In the
case j~vj < v
f
we put  =1.




t , reball den-







(t) and the temperature




=R(t) as expected for relativis-
tic pion gas, cf. Ref. [36]. The kaon mean free path is

K












To incorporate the freeze-out eect we will assume that
as soon as T (t)  T
therm
kaons become free and 
K
!1
as well as P
II

























serve as input for nu-
merical evaluations below. The parameter T
therm
is used
for an eective parameterization of the freeze-out time

f:o:
. It should not be considered as a true freeze-out
temperature, since our estimation is based on the simpli-
ed hydrodynamical description of a reball.
The model set up here is a rather crude approximation.
However, the nal results are found to be rather insensi-
tive to the details of hydrodynamical evolution of a re-













. We shall vary the input parameters
within a broad range to illustrate dierent possibilities.
VI. NUMERICAL ESTIMATES
In this section we perform numerical evaluation of









channels in central Pb+Pb collisions
at 158GeV/n SPS energy.
First we investigate to what extend rescattering of sec-
ondary kaons enhanced by the in-mediummodication of
a  meson width can suppress experimentally observed





We remind that results of Ref. [27] give maximal sup-
pression factor 40% for the  meson observation in the
kaon decay channel.
In our evaluation we use several combinations of in-
put parameters. Freeze-out temperatures T
0
of  mesons







= 150 MeV , (ii) T
0
= 160 MeV , (iii)
T
0
= 170MeV . Size of the reballR
0
at the stage of the 
freeze-out has to be comparable with  meson mean free
path 




























FIG. 1: Ratio (10) as a function of m
T
calculated for three






) without inclusion of in-medium
modications of kaons and  mesons. The upper grey area





as described in the text. The
lower grey areas are obtained for the same set of parameters
but with the common expansion velocity v
f
= 0:1 .
For dierent temperature parameters above we take ac-
cording to Ref. [4]: 
(i)

= 13 fm, 
(ii)






First we evaluate suppression factor (10) without


















). Flow velocities correspond-
ing to selected temperatures T
0
are adjusted to repro-
duce the slope of  meson m
T
distribution measured by
the NA50 collaboration: T
e







= 0:46 , v
(iii)
f
= 0:41 . We take 
R
= 1 and vary
the mean free path of kaons 
K
















= 2 fm, 
(ii)
K




We vary also T
therm
between 100 MeV and 80 MeV in
agreement with analysis [20]. This translates into the in-
terval of freeze-out time values 10 fm < 
f:o:
< 20 fm.
All these variations produce the upper grey areas shown
in Fig. 1









) does not fall below 0:8 signicantly. This
is related to the large expansion velocity of the reball.





< 0:4 and  mesons decay
after the thermal freeze-out. To illustrate this eect we
recalculate ratio R(m
T
) for the same three cases xing
v
f






obtained (R  0:6) are shown as lower gray areas in
Fig. 1.
To reproduce results of RQMD calculations described
in Ref. [27] we take somewhat larger size of a reball
with 
R






= 0:5 fm. This corresponds to the lowest limit
allowed by the analysis [20]. The results are shown
in Fig. 2 by solid lines. The limiting scenario consid-
ered in [27], when the freeze-out volume is determined















= 13 fm and 
0
K
= 0:5 fm. Solid lines are calculated
with T
therm
= 80 MeV and dash lines correspond to T
therm
=
40 MeV. No medium eects are included.
by the last kaon interactions, can be reproduced with
T
therm
= 40 MeV. This case is shown by dash lines in
Fig. 2. We take solid lines in Fig. 2 as a reference point
for our further investigation of in-medium eects.
First we consider modications of  meson properties.
We choose  mass shift to be Æm
0

=  200 MeV for our
three parameter sets. The  meson width depends on







= 180 MeV, and Æ 
(iii)

= 200 MeV. Com-
parison with Fig. 2 (solid lines) shows slight decrease of
ratio R(m
T
) which corresponds to small increase of the
total  meson width by 40% due to !  channel.
Fig. 3 shows results obtained taking into account mod-
ication of K meson properties in-medium.
First we investigate the case when  ! K

K channel
is closed initially (Æm
0
K
= 15 MeV) and it opens only
during the reball expansion. Results are shown in the
left part of Fig. 3, where the upper plot is calculated for
P
II
= 1 and the lower one corresponds to a strong sup-





) in Fig. 2 and in Fig. 3 shown
by thick solid line (A) calculated for parameter set (i) we





nel by increasing kaon mass decreases ratio R(m
T
) very
slightly for both values of P
II
. This happens because 
meson width becomes very small in this case and there-
fore probability of  meson decay inside the expanding
reball and consequently also probability for rescattering
of daughter kaons are small. Compare lines (C), calcu-
lated for parameter set (i), with a corresponding line in
Fig. 2. Lines (B) in Fig. 3 (left side) show that R

be-
comes larger than one for increasing kaon mass. Since
increase of R

by 10%{20% does not change consider-







not need to readjust the ow velocity parameter. This
increase of R

leads at the end to a small decrease of R.
Let us now consider the case when the  meson width




























































FIG. 3: Thick lines (label A) show the ratio R(m
T
) calcu-
lated for in-medium modication of  meson properties. Re-
sults for dierent parameters sets (i){(iii) are depicted by
solid, dash and dotted lines, respectively. The left plane cor-




= 15 MeV, whereas the right plane shows results for
a decreasing kaon mass Æm
0
K
=  30 MeV. Thin lines show
suppression factors in the muon R

(B) and kaon R
K
(C)
channels calculated for parameter set (i). Upper plots are
calculated for the case P
II
= 1, lower plots correspond to
P
II
= 0. In all cases modication of  meson properties in
medium is taken into account.
mass in medium, which can result e.g. from rescattering
of kaons on pions through K

and heavier kaonic reso-
nances [37]. Here we restrict ourselves to rather conser-












20 MeV. In this case R







can be suppressed up to 40{60%. Thus, for
a given freeze-out temperature T
0
and total width  

tot
we readjust ow velocity v
0
f
to reproduce the slope of the
m
T
distribution measured in di-muon channel by NA50





new ow velocities: (i) v
0
f
= 0:38 , (ii) v
0
f













10 MeV, and the total width is  

tot











 2, which provides a strong sup-
pression of R
K
as it is shown for the parameter set (i) in









= 1 and  0:15 for P
II





) also shown in Fig. 3 (lines B) is also sup-
pressed the resulting ratio R(m
T
) remains on the level




, provided we put P
II
= 0 and
 0:5 for P
II
= 1. Taking even larger values of the to-





)  0:28 for  

tot








)  0:23 for  

tot




















 δmK= –30 MeV 
FIG. 4: The ratio (7) as a function of  meson momentum.
Curve styles correspond to those in Fig. 3 with readjusted
ow velocities. Curves A are calculated for P
I
= 1, whereas
sets B are calculated with P
I
= 0.












 < ηK >
y-y
c.m.
FIG. 5: Rapidity distributions h1i(y) (full circles), 

(y)
(open circles) and 
K
(y) (open diamonds) calculated for the
parameter set (i) with Æm
0
K










It is instructive to investigate ratio (9) as a function
of the  momentum. Averaging over rapidity mixes mo-









1000 MeV what partially washes out the -
nal suppression eect. To illustrate this point we show
ratio R(p) as a function of a  momentum in Fig. 4.
For increasing kaon mass and correspondingly vanishing
 
KK
we obtain a decrease of R(p) at small momenta
by 40{50% (left plane). This is again a direct conse-
quence of a rapid reball expansion which brings  
KK
(t)
in the integral (7) fast to its vacuum value. In the ex-
treme case for p ! 0 and v
f
! 0 we get R(p; v
f
) ! 0.
For decreasing kaon mass the reduction is even stronger












is completely washed out by rapidity
averaging.
In Fig. 5 we compare the original rapidity distribution
of  mesons 
0
(y), with the distributions which can be
reconstructed via kaonic 

(y), and muonic 
K
(y) decay










= 0. Distributions are normalized to give 
0
(y =
0) = 1 . We observe a considerable broadening of the
rapidity distribution measured in the kaon channel.
VII. CONCLUSIONS
We have studied distributions of  mesons in heavy-









decay channels. The analy-
sis of  meson mean free path allows to suppose that 
mesons decouple from the hadronic system at somewhat
earlier stage before the common breakup of the hadronic
reball. Therefore, kaon pairs originated from the 
decays inside a reball can be rescattered or absorbed.
Such kaon pairs will not contribute to a  meson recon-
struction, whereas the leptonic probes can leave a reball
freely. We derive the expressions (7) and (8) for the ap-
parent momentumdistribution of mesons in kaonic and
muonic channels respectively.
Within a simple model of spherically expanding re-
ball we investigate dependence of a relative suppression
factor of the hadronic channel with respect to the dilep-
tonic one on parameters of the system and on the  me-
son in-medium properties. For a vacuum -meson width
 4 MeV the maximal suppression 0.6{0.8 is obtained for





These values are in agreement with results of RQMD
simulations [27]. The crucial parameter is the fast ex-
pansion of a reball with v
f
 0:4{0.5 corresponding to
the  freeze-out temperature range T
0
 150{170 MeV.
Width of hadronic  meson decay channels (! K

K
and ! ) can be modied in medium due to changes
of the meson properties. We have found that increase
of the  channel width due to the broadening of  me-
son and decrease of  meson mass leads alone to a tiny
increase of the suppression.
Other possibility is kinematical quenching of the kaon









meson in mediumbecomes small (increase of the  chan-
nel width is not strong enough)  mesons decay mainly
outside the reball, where vacuum properties of mesons
are restored and rescattering of daughter kaons is negli-
gible. Together with relative amplication of the muon
decay channel by 20% the resulting suppression factor
found for a quenched kaon decay channel was  0:5.
The increase of the  meson width in medium pro-
vides, on the other hand, a mechanism for strong sup-
pression ( 0:15) of the kaonic detection channel due
to the enhancement of  decay probability inside a re-
ball increasing thus rescattering of daughter kaons. How-
ever, increase of the  total width reduces simultaneously










8cay channel. Obtained suppression of the muonic de-
cay channel at the level  40{60% requires readjustment
of the ow velocity to be compatible with experimen-






 20 MeV and T
0
 150{170 MeV (compare
to v
f
 0:4{0.5 obtained for a vacuum  width) gives
nal net relative suppression factor of kaon channel to
muon channel  0:3. This value is close to experimental
observations at CERN SPS [8, 9].
Strong increase of  meson in-medium width can take
place if the kaon mass decreases in medium by 30 MeV.
The mechanism for such kaon mass modication can be
similar to that studied in Ref. [37].
We have found that reconstructed rapidity distribu-
tions of  mesons become eectively wider, if in-medium
properties of mesons and rescattering of kaons are taken
into account.
Finally we suppose that to improve understanding of
experimental results on  meson production in heavy ion
collisions at CERN SPS [8, 9] further detailed investiga-
tions taking into account in-medium eects within trans-
port or hydrodynamical models are necessary.
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